Introduction
Phosphatidylinositol transfer proteins (PITPs) are abundant cytosolic proteins that were originally identified because of their ability to act in vitro as specific transporters of phosphatidylinositol (PI) or phosphatidylcholine (PC) between membranes. Two closely related isoforms, PITPcl and PITPP, which are 77% identical (94% similar) have been identified in mammalian cells (Table 1) . However, the cellular function of mammalian PITPs has remained enigmatic until recently. Due to the development and application of reconstitution assays using cytosol-depleted cells, PITPs have been found to be an essential component for signal transduction through phospholipase C (PLC) -mediated hydrolysis of PI 4,s-bisphosphate (PIP2) [ 11 and for phosphorylation of PIPz to PI 3,4,5-triphosphate by PI 3-kinase [2] . In addition, it has been identified as a factor required for vesicle formation [3] and for regulated exocytosis [4, 5] . Figure   1 summarizes the main biological functions of PITP currently known from studies in permeabilized cell systems.
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traffic is not known, but the PI bindingltransfer activity of PITP could account for its cellular function [1, 6] . By virtue of its ability to transfer PI from its site of synthesis at the endoplasmic reticulum to sites where inositol lipids are required for signalling or vesicular traffic, PITP could affect the delivery of PI, the immediate precursor for the phosphorylated derivatives (see Figure 2 ). This could include both 3-phosphorylated and 4-phosphorylated inositol lipids. More recent studies on PITP argue that, although the biochemical PI transfer activity is an important aspect of PITP function, the in vivo mechanism is more complex and is likely to involve the specific interaction of PITP with other membrane-associated components [7] . In addition to the two mammalian PITP isoforms, PITPa and PITPP, a membrane-anchored form of PITP has been identified in Drosophila (Table 1 ) [9] . The Drosophila protein, originally identified as the product of the rdgB gene, is an integral membrane protein of 1054 amino acid residues (160 kDa). The 281 N-terminal amino acids show strong homology to mammalian PITP and expression of the truncated rdgB protein indicates it has PI transfer activity. In vivo, it is unlikely to function as a transfer protein due to its anchorage to the membrane. The neurodegeneration observed in the vibrator mouse is similar to the pathology observed in the Drosophila rdgB mutation. The photoreceptors in Drosophila use the PLC cascade for signal transmission and degeneration of the retina is seen when the membrane-anchored form of PITP (the product of the rdgB gene) is mutated [9] .
Biological function of PITP
SEC14p is a yeast PITP that shares the PI and PC binding and transfer activity of mammalian PITP. The product of the SEC14sc gene from Saccharomyces cerevisiae is required for export of yeast secretory proteins from the Golgi complex to the cell exterior [ 10,111. Phenotypically, SECl4 mutants show an expansion of the Golgi complex and the accumulation of secretory granules within the cytoplasm [12, 13] . In contrast with S. cerevisiae, SECl4 mutants in the dimorphic yeast, Yarrowia lipolytica, do not have a defect in the secretory pathway. Instead, SECII" mutants cannot undergo the characteristic dimorphic transition from the yeast to the mycelial form that typifies this species [14] 
An essential requirement for PlTP in inositol lipid signalling in mammalian cells
PITPcl was identified as an essential cytosolic factor for G-protein-mediated hydrolysis of PIPz by PLCP in permeabilized HL60 cells. It was originally noted that hydrolysis of PIP2 was impaired when cytosolic proteins were depleted from the permeabilized cells despite the retention of all the known components required for myo-inositol 1,4,5-trisphosphate (IPJ formation. This includes the receptor, the G-protein, the PLCP as well as the lipid kinases involved in the synthesis of PI 4-phosphatase (PIP) and PIP2, i.e. PI 4-kinase and PIP 5-kinase. Cytosol added exogenously to permeabilized cells was found to restore the ability of activated G-protein to mediate IPj production. PITP was purified as the major reconstituting factor [ 1,161. PLC enzymes are classified into three families (P, y and 6) that are differentially regulated. PLCP isoenzymes are regulated by G-proteins [17] , PLCy forms are regulated by receptor and non-receptor tyrosine kinases, and PLC61 is regulated by intracellular increases in micromolar Ca2+ [ 18,18a] . PITP is required for PIP2 hydrolysis regardless of which family of PLCs is examined. PITP is required for PLCy 1-mediated hydrolysis of PIP2 stimulated by epidermal growth factor in A431 cells and by cross-linking of antigen on RBL mast cells [19] . In both cell types, extensive permeabilization led to loss of IPj production stimulated by the appropriate agonist and was accompanied by the loss of cytosolic proteins, including PLCyl and PITP. Re-addition of PLCyl was not sufficient to restore receptor-mediated inositol lipid hydrolysis in these cytosol-depleted cells. However, the 
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combined presence of PLCyl and PITP was fully capable of restoring IP3 production [ 17,191. PLCG1 is expressed at high levels in PC12 cells [20] , and when permeabilized in the presence of micromolar concentrations of Ca2+, these cells generate large amounts of IP3 [18a] . T o determine whether PLCG1 was responsible for the hydrolysis of PIP2, PC12 cells were permeabilized and extensively washed to deplete the intracellular cytosolic proteins. Both PITP and PLCG 1 were thus depleted and micromolar levels of Ca2+ were now unable to stimulate IP3 production. Re-addition of PLCG1 led to a modest increase in IP3 levels, but in the presence of PITPa, a robust production was noted [18a] .
The requirement for PITP of PLCP-, PLCy-and PLCG 1 -catalysed hydrolysis of PIP2 to produce IP3 in permeabilized cells clearly suggests that PITP functions at a common point in these differentially-regulated signalling pathways. The PITP requirement is probably linked to the availability of PIP2 for the phospholipases at specific signalling sites.
Mode of action of PlTP in PLC signalling
Reconstitution of G-protein-regulated PLCP activity by PITP is strictly dependent on the presence of MgATP [l] . The substrate for the PLCs is PIP2, and its concentration is a limiting factor in vivo. Two lipid kinases, PI 4-kinase and PIP 5-kinase, participate sequentially in the phosphorylation of PI to PIP2 at the plasma membrane where PLCs are activated by cell-surface receptors. In contrast, synthesis of PI occurs at the endoplasmic reticulum [Zl] . Thus the transfer of PI by PITP from this intracellular site to the plasma membrane would be required during cell-surface stimulation. The known properties of PITP indicates that it is well suited for this function. In stimulated cells, the amount of IP3 generated far exceeds the resting levels of PIPz [16] . In addition, only very transient decreases in PIPz concentrations occur during stimulation, instead, increases in PIPz are often observed. All this indicates that PITP participates in the synthesis of PIPz. PITPa, PITPP and the yeast PITP, S E C l P , are equally effective in supporting PLC activation [19] and the common feature shared by all three transfer proteins is the ability to bind and transfer PI. Thus the known properties of PITP in vim strongly suggest that the requirement for PITP in PLC signalling may be entirely due to the transfer of PI from sites of synthesis in the endoplasmic reticulum to sites of lipid phosphorylation and hydrolysis at the plasma membrane.
We have suggested that in addition to the requirement of the transfer activity of PITP, it also acts as a cofactor in the synthesis of PIPz [ 161. The cofactor function proposes that the lipid carried by PITP is the preferred substrate for the lipid kinases. Thus PITP may be the ultimate source of the PIPz utilized by the PLCs/ PI 3-kinases and in vesicular trafficking processes. The participation of PITP in PIPz synthesis only occurs during stimulation and not under basal conditions. PI 4-kinases and PIP 5-kinases constitute an ever-growing family and it is abundantly clear that synthesis of PIPz is a highly regulated process. Evidence that PITP increases the regulated phosphorylation of PI to PIP and PIPz has been presented [16, 17] . Thus the function of PITP is to participate in the regulated synthesis of PIPz rather than in maintaining the basal levels of PIPz in cells.
Mounting evidence suggests that signalling takes place in specialized intracellular domains (commonly referred to as caveoli/detergentinsoluble glycosphingolipid-enriched membrane domains) . These domains contain phosphoinositide-utilizing enzymes and phosphoinositides which are subject to hydrolysis by agonist-stimulated PLC [23] . During stimulation, it is envisaged that PITP supplies these signalling domains with PI for subsequent phosphorylation. There are several possible routes for PITP-mediated supply of PI to signalling domains: either the PI bound to PITP is sequentially phosphorylated by the lipid kinases and the PIPz bound to PITP is the ultimate substrate for PLC; or, alternatively, the PI molecule bound to PITP is channelled through a complex of enzymes through phosphorylation and hydrolysis. Channelling is defined as a concept whereby metabolic intermediaries are transferred between sequential enzymes in a pathway without equilibration of the free intermediates with the bulk environment. Finally, another possible route for supply of substrate to these signalling domains is by PITP stimulating vesicle formation from PI-enriched membranes and targeting them to these specialized regions. Current data cannot distinguish between these possibilities.
Regardless of which model is correct, both imply that synthesis of PIPz is more highly spatially organized at the cellular level than is generally recognized. Whilst additional studies will be required to distinguish between these models, our current studies strongly support the hypothesis that PITP allows compartmentalized signalling to occur. PITP has been found to associate with PI 4-kinase and PLCy1 in A431 cells subsequent to stimulation by epidermal growth factor [17] . PITP has also been found to interact with a 3-kinase that specifically phosphorylates PI [26] . In vitro, PITPa, PITPP and SEC14p also increase the rate of PI 3-phosphate formation when added to PI vesicles and PI 3-kinase. All this supports the notion that PITP can act as a cofactor in lipid substrate presentation to the lipid kinases "261.
Below we summarize some of the data which strongly argue against PITP playing a passive role in PLC signalling. Our recent studies clearly demonstrate that transfer activity of PITP does not provide an adequate explanation for PITP function in permeabilized cells. Deletion of 24 amino acids from the C-terminus of PITPa causes a complete loss in PLC-mediated inositol signalling and in transfer activity [27] . Having identified the C-terminus as being important in PLC signalling, we made deletion mutants of PITPa whereby a systematic deletion of 5, 10 and 20 amino acid residues from the C-terminus were analysed for transfer activity, lipid binding properties and for the ability to restore PLC signalling in permeabilized HL60 cells. A5-PITPa and A10-PITPa (but not A20-PITPa) were found to retain substantial PI and PC transfer activity and their lipid binding properties were similar to full-length PITP. However, these two mutants were unable to sustain PLC activity in permeabilized cells. Moreover, AS-PITPa antagonized the I I30 function of the wild-type protein in permeabilized cells without any antagonism when examined for lipid transfer in vitro. We conclude that the transfer activity is probably essential but not sufficient to account for restoration of PLC signalling. We are currently exploring binding partners for PITP that may provide some information on how PITP precisely executes its function at the cellular level.
Finally, PITPs belong to a larger family of phospholipid transfer proteins which include phosphatidylcholine transfer protein (PC-TP) and non-specific lipid transfer protein (nsl-TP) [28] . Phospholipid transfer proteins are named after their ability to act in vitro as specific carriers of single phospholipid molecules between membranes. PC-TP is highly specific for PC and is expressed in selected tissues including liver and lung, and plays an important role in the excretion of PC in bile. nsl-TP can transfer all common phospholipids including PI. However, both PC-TP and nsl-TP are inactive in restoring PLC signalling activity in permeabilized HL60 cells [29] .
PITP in regulated exocytosis in mammalian cells
The use of permeabilized cells has revealed an unexpected role for PITP in regulated exocytosis. In this case, examination of Ca2+-regulated release of noradrenaline from dense-core granules in PC12 cells was under investigation. MgATP and cytosol are required for 'priming' prior to Ca2+-triggered exocytosis. A reconstitution assay was established to identify these 'priming' factors in the cytosol. Three separate priming factors were detected and two of them have been identified; one is PITP and the other is PIP 5-kinase [4, 5] . The above two proteins together with the granule-associated PI 4-kinase function in the conversion of PI to PIP2 [30] .
The requirement for PITP in exocytosis has been shown in HL60 cells and RBL cells. HL60 cells (a cell line related to the neutrophil) and RBL cells (a cell line related to mast cells) can be induced to secrete specialized lysosomal granules from permeabilized cells by micromolar concentrations of Ca2+ in the presence of GTPyS. Exocytosis becomes refractory to stimulus in cytosol-depleted cells and this can be restored upon re-addition of PITP [31] . The requirement of MgATP for secretion suggests that phosphorylation events may take place, most likely of PI phosphorylation to PIP2.
As in PLC signalling, PITP ( a and p) and SEC14p can be used interchangeably in mammalian cells to support regulated exocytosis. Current evidence suggests that intact PIP2 is required for exocytosis of secretory granules. How PIP2 participates in exocytosis is not clear, but numerous PIP2 binding proteins have been identified and these are potential targets. Examples include synaptotagmin, cytoskeletal and actin-binding proteins. In addition to exocytosis, these three PITP proteins have also been found to support budding of secretory vesicles from the Golgi membranes in PC12 cells [3] , a function analogous to SEC14 in the yeast S. cerevisiae. No data have been presented to address whether budding is dependent on PIP2 in mammalian cells.
Conclusions
Although PITP has been implicated in diverse functions such as PLC signalling and in regulated exocytosis in mammalian cells, an underlying theme has emerged. The cellular function of PITP is in the regulated synthesis of PIPz in different intracellular compartments. We emphasize 'regulated' synthesis here, as it is clear that PIP 5-kinases are regulated enzymes. Both the Rho family of GTPases and phosphatidic acid have been identified as activators of specific isoforms of PIP 5-kinase [32-351. PIP2 has emerged recently as a key phospholipid that is not only a substrate for the phospholipases and for PI 3-kinases but that serves as a second messenger in its own right. The concentration of PIPz in cells is tightly regulated and arises from the activities of several PI 4-kinases and PIP 5-kinases, some of which are subject to regulation. The individual lipid kinases responsible for the provision of substrate for PLC signalling and PI 3-kinase activities and for provision of PIP2 as a second messenger in exocytosis remain to be identified.
PITP, a cytosolic protein, is well adapted to provide PI for further phosphorylation for the spatially segregated events in any part of the cell including the Golgi membranes, endoplasmic reticulum, secretory vesicles, the plasma membrane and the nucleus. Whether this function of PITP can be extended to yeast is not known, and a recent study suggests that the essential function of SEC14p is to maintain a sufficient pool of diacylglycerol in the Golgi membranes to support the production of secretory vesicles [36] .
